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Abstract. ATLAS, one of the two multi-purpose detectors at the proton-proton collider LHC, will start
taking physics data in 2007. The construction of its electromagnetic calorimeter is well advanced and
modules of the barrel and end-cap parts have been tested under electron beams at CERN. Results on
energy resolution, uniformity of the energy response, position and time resolution are presented.
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1 Introduction
The ATLAS detector has been mainly designed to search
for new particles related to the symmetry breaking mecha-
nism. The physics program includes also precise measure-
ments of known objets like W, t and b particles [1]. The
electromagnetic calorimetry plays an essential role since
electron identiﬁcation, photon reconstruction, jet and miss-
ing energy measurements are the fundamental tasks for
such studies. Excellent performances in terms of energy
resolution and response uniformity are required in par-
ticular at hadron colliders where the number of physics
background events is high and the beam energy constraint
can be applied only in the plane transverse to the beam
direction. Furthermore at LHC, detection has to be car-
ried out in an environnement with high collision rate and
high radiation level background. The ATLAS electroma-
gnetic calorimeter is based on a lead-liquid argon sampling
technique which guarantees intrinsic linear behaviour, sta-
bility of the response and radiation hardness [2]. The ac-
cordeon geometry of the electrodes and of the absorbers
avoids uninstrumented areas in the azimuthal angle φ .
The calorimeter has high granularity (≈ 2x105 channels)
and the associated electronics has been designed to have
fast response and wide dynamic range. Test beam mea-
surements are extremely important to check that the ﬁnal
modules meet the requirements for the LHC physics. Re-
cent results of these tests are presented in Sect. 3 of this
paper, after a brief description of the calorimeter.
2 The ATLAS Electromagnetic Calorimeter
The calorimeter [2] is made of two half-barrels (|η| ≤1.475)
and two end-cap wheels (1.375 ≤ |η| ≤ 3.2). Each bar-
rel part is composed of 16 modules, one module covering
a region ∆η x ∆φ = 1.475 x (2π/16). A module has 3
compartements in depth: the ﬁrst one (’front’) highly seg-
mented in η for γ/π0 separation, the second (’middle’)
where the main energy deposition occurs and the third
(’back’) to help in disentangling electromagnetic from ha-
dronic showers. In front of the calorimeter a presampler
detector (|η| ≤ 1.8) also based on a lead-liquid argon tech-
nique, allows to correct for the energy loss due to dead
material. Each end-cap wheel is formed of 8 modules with
similar structure to the barrel modules. Diﬀerently from
the barrel module gaps, the liquid argon gaps of the end-
cap modules increase with radius. To keep the detector
response independent of η, the high voltage across the
gaps should be varied accordingly in a continuous way. In
practice to make operation easier, the high voltage is var-
ied in 9 η steps.
At the time of these proceedings the two half-barrels and
one of end-cap wheel have been assembled, inserted in the
cryostat and tested.
3 Test Beam Results
Two full-size prototype modules[3] (one barrel, one end-
cap) and seven production modules (four barrel modules,
three end-cap modules) have been tested with electron
beams at the CERN H8 facility. Many topics have been
studied including linearity, γ/π0 separation, response to
muons, noise and cross-talk. This section, after a brief de-
scription of the procedure to compute the electron energy
in test beam data, presents some of the important per-
formances like energy resolution, uniformity of the energy
response, position and time resolutions.
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3.1 Electron Energy Reconstruction
A read-out electronics very close to the ﬁnal one has been
used. The ionization signal from each channel is ampli-
ﬁed, shaped, sampled every 25 ns and digitized. Five sam-
ples are recorded. Each digitized sample, Si, is converted
in GeV using a calibration procedure based on injecting
very precise current pulses in each read-out channel and
the knowledge of the energy deposited in liquid and of
the sampling fraction. To estimate the signal height, re-
presenting the calibrated cell energy, an optimal ﬁltering
technique(OF)[4] is used (Ecell= Σi ai Si) which mini-
mizes pile-up and noise. The OF coeﬃcients, ai, are com-
puted from the physics signal shapes and the noise au-
tocorrelation matrix. The physics signal shapes are pre-
dicted using the calibration signal shapes corrected for
the diﬀerent input currents and injection points in physics
and calibration runs. With the current procedure the re-
lative diﬀerence between the predicted and the measured
physics signals in every time bin of 1 ns is at most 1%.
After the reconstruction of Ecell, clusters of cells are built
around the most energetic one in the presampler and in the
3 calorimeter compartments. The electron energy is ob-
tained by summing these four clusters after having applied
weights to the presampler and to the back compartment
energy to compensate for energy losses due respectively
to dead material and to longitudinal leakage. Finally, the
following eﬀects, well reproduced in simulation data, are
corrected: the lateral leakage caused by the ﬁnite cluster
size, the φ energy modulation caused by the accordion geo-
metry, the residual dependence of the energy on the time
between the particle arrival time and the phase of the sam-
pling clock. The magnitude of each of these corrections is
below 0.4%. For the end-cap energy the dependence on η
due to the discrete high voltage settings (see Sect. 2) is
also corrected.
3.2 Energy Resolution
Energy scans from 10 to 245 GeV have been performed at
several positions. The distribution of the energy resolution
as function of the beam energy E is found in good agree-
ment with simulation. After unfolding the noise and the
beam energy uncertainty (0.15%), the experimental points
at a ﬁxed position are well represented by the expression:
σ(E)
E =
a√
E(GeV)
⊕ b
where a is the stochastic term and b the constant term
reﬂecting local non uniformities (’local’ constant term).
For the stochastic term the ﬁt result gave in every tested
barrel position a value below 10
√
GeV % (12.5 % for the
end-cap) and for the local costant term a value smaller
than 0.3 %. These results fullﬁl the ATLAS requirements
which have been tuned on a few simulated benchmark
channels like H→ 2γ, H→2e+2e−, W’,Z’decays [5]. If the
contribution of the noise to the energy resolution is not
unfolded but obtained by ﬁtting the previous expression
after the addition of a noise term, c/E(GeV), the result
(c=0.18 GeV at η = 0.675) is in agreement with the noise
measured in pedestal runs.
3.3 Uniformity of the Energy Response
The physics program [1] aimed at ATLAS (in particular
the search for H → 2γ events) requires a constant term
in the energy resolution of 0.7% or smaller over the full
calorimeter acceptance. This ’global’ constant term is de-
termined by the uniformity of the detector response over
the full calorimeter acceptance. The strategy to obtain
a uniform response is described in detail in [1] and re-
quires in particular that a constant term ≤0.5 % can be
obtained over a calorimeter region of size ∆η x ∆φ = 0.2
x 0.4. These regions will be then cross-calibrated by us-
ing Z → e+e− events. The uniformity of the calorimeter
response as a function of the electron impact point has
been studied by perfoming position scans over the entire
module at a ﬁxed energy. Fig. 1 shows the reconstructed
energy as function of η for diﬀerent φ positions. Each
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Fig. 1. Barrel module response as function of η and φ
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Fig. 2. Response uniformity of an end-cap module
point corresponds to the peak of the energy distribution
of events impinging in one cell of the middle compart-
ment. Therefore Fig. 1 describes the cell to cell variations
for one of the tested modules. The region around η=0.8,
corresponding to the transition between two diﬀerent lead
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thickness, is still being worked on and is not shown. The
response dispersion is less than 0.6% both for the barrel
and the end-cap modules (Fig. 2). As required, in regions
of size ∆η x ∆φ = 0.2 x (0.4 rad) the response dispersion is
found smaller than 0.5%. The constant term of the energy
resolution over a region≈ 6 times bigger, corresponding to
the entire module, can be obtained from the energy spec-
trum of the all electrons impinging on a module (Fig 3).
The constant term for a module can be obtained from a
Gaussian ﬁt to this spectrum over the region not aﬀected
by the tail after unfolding the beam momentum spread,
the measured sampling and noise term at a ﬁxed position
(see Sect. 3.2 ). The result is 0.70%, in agreement with the
value obtained by adding the constant term b reﬂecting
local non-uniformities (see Sect. 3.2) and the cell to cell
variations (Fig. 1).
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Fig. 3. Energy resolution for a whole barrel module
3.4 Position and Angular Resolution
Precise position and angular measurements play an im-
portant role in the reconstruction of the Higgs mass from
the decay H→ 2γ and in the search for events with non
pointing photons [1]. The shower positions in the front and
middle compartment have been estimated as the energy
weighted barycenters in each compartment corrected for
the ﬁnite cell size. Using 245 GeV electrons, the shower
position resolution was studied as function of η and, af-
ter unfolding the beam chamber resolution (250 µm), the
result was found in agreement with MC. In particular at
small η the position resolution in the front and in the
middle compartment was found to be 240 µm and 540
µm, respectively. Combining the position measurements
in the front and in the middle compartment with the
longitudinal shower barycenters the shower direction was
computed. With this procedure the angular resolution on
the shower axis measurement when using only informa-
tions from the calorimeter was found to be equal to 50
mrad/
√
E(GeV) (Fig. 4). This result is within ATLAS
requirements.
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Fig. 4. Angular resolution versus the beam energy at η=0.68
3.5 Time Resolution
Using the optimal ﬁltering technique (see Sect. 3.1), the
ATLAS electromagnetic calorimeter has the capability to
measure the particle impact time [4]. A precise knowledge
of the particle arrival time plays an important role in re-
jecting background events, like beam-gas events, and in
searching for events with delayed photons with respect
to the beam crossing. These photons would be produced
by long lived neutralino decays in GMSB models[1]. By
comparing for the same electron the time measurement in
two adjacent cells, the time resolution as function of the
energy of the most energetic cell has been measured and
found to be better than 100 ps at all energies above 30
GeV. This result is well within ATLAS speciﬁcations.
4 Conclusions and Outlook
Signiﬁcant parts of the calorimeter have been completed
and the construction and assembly are on schedule. Test
beam results from ﬁnal modules indicate that the detec-
tor meets the very demanding requirements for the LHC
physics. The next steps are combined test-beam measure-
ments in 2004 including the Inner Detector, the electro-
magnetic and the hadronic calorimeter. The aim of these
tests is to optimize the diﬀerent components of the experi-
ment in a situation very close to the ATLAS conﬁguration.
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